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ABSTRACT

This document presents design limit loads for use in the structural
certification of the Lunar Module (LM-10) for lunar landing. It is
prepared for the National Aeronautics and Space Administration by The
Boeing Company in partial fulfillment of the requirements of Contract
NAS 9-10364, Statement of Work Paragraph 12.3.

Dynamic responses, external dynamic loads on major mass items, and
internal dynamic loads in critical structural members were calculated
for randomly selected initial landing conditions. The dynamic loads
were analyzed statistically to yield probabilities of exceedance for
given confidence levels.
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1.0 INTRODUCTION

The capability of the basic Lunar Module (LM) structure for the early
Apollo missions was verified with the lunar landing loads calculated
for LM-5. Changes to the LM structure and mass properties and the
different characteristics of scheduled landing sites required new load
analyses for Apollo 15 (LM-10) and subsequent missions. This document
gives the loads calculated for structural evaluation of the LM-10 land-.
ing configuration. Lunar Roving Vehicle (LRV) loads calculated for
lunar landing during this study have been reported previously and are
not repeated herein. Loads presented include external forces and moments
at the mass points of a structural model of LM-10 plus internal axial
forces and shears in the structural members. Improved methods used in
the LM-10 analysis are detailed in this report. The mathematical model
of LM-10 is also described.

1-1



D2-118322-1

2.0 TECHNICAL APPROACH

Methods used to derive the LM dynamic landing loads given in this document
are essentially the same as used in the previous LM-5 analysis detailed

in Reference 1. Only the general approach is repeated here along with
some specific analysis improvements.

Individual Tanding simulations were initiated with the LM at landing
probe length above the lunar surface at specified initial orientation and
velocities. These initial conditions were selected by a random number
generator. Elastic characteristics of the LM structure were represented
by a three-dimensional mathematical model generated by Grumman Aerospace
Corporation (GAC). A detailed structural idealization of the Lunar
Roving Vehicle (LRV) was included in the LM structural model. Dynamic
acceleration response time histories were calculated at the mass loca- |
tions (nodes) of the math model throughout the landing. Load time his-
tories consisting of total dynamic forces and moments acting on the
individual structural nodes (external loads) were obtained from the
responses. These external loads included the reaction forces applied to
the LM by the LRV at the LM/LRV attachment points, and the nonlinear
forces applied by the upper diagonal straps in the descent stage. Loads
in the structural elements between the mass points (internal loads) were
computed from the external load time histories by means of a GAC "stress"
matrix.

2-1
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3.0 DESCRIPTIONS OF MATHEMATICAL MODEL
3.1 PHYSICAL DESCRIPTION OF LM-10

A composite view showing the general configuration of the LM and lo-
cating some of the mass points used in the LM-10 structural idealization
is presented in Figure 3.1. The GAC body-fixed LM coordinate system

is oriented differently from the body-fixed system used in the landing
dynamics computer program. For convenience, all the geometry, mass,

and structural data are presented in the GAC coordinate system.

3.1.1 Vehicle Geometry

Detailed illustrations of the GAC Big Spring IV mass point locations

for the LM-10 structural model are presented in Figures 3.2 and 3.3 for
the ascent stage and in Figures 3.4 and 3.5 for the descent stage. The
corresponding mass-point coordinates, obtained from Reference 2, are
listed in Table 3.1. Mass point locations for the Boeing generated mode]
of the LRV are shown in Figure 3.6. Figure 3.7 shows the basic geometry
of the LM used in the lunar landing analysis.

3.1.2 Mass and Inertia Data

The mass distribution used in the structural model was based on the GAC
Big Spring IV mass and coordinate data transmitted in Reference 2. The
basic Big Spring IV mass values were updated to reflect the current
LM-10 total mass properties and nominal propellant weights as given by -
Reference 3. The weight of the landing gear was excluded from the LM-10
mass idealization since, during landing, the gear would be supported by
the Tunar surface. Total LM mass properties used in the analysis are
Tisted in Table 3.2. Detailed mass and inertia data are presented in
Reference 4. |

3.1.3 Elastic Vibrational Modes

The frequencies, mode shapes, and generalized masses for the free-free
LM-10 structural model were computed from the GAC Big Spring IV and the
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3.1.3 Continued

preliminary LRV three-dimensional stiffness matrix and mass matrix. The
combined stiffness matrix consists of 294 degrees of freedom, including

rotational freedoms for the IMU and DPS engine. The dynamic character-

istics used in the lunar landing analysis are given in Reference 4. The
mode shapes and frequencies were calculated with the Householder eigen-

value routine described in Reference 5.

3.1.4 Force Transmission Properties of the Landing Gear and DPS Nozzle

The initial kinetic energy of lunar landing is dissipated through crush-
~ing of the landing gear honeycomb cartridges, bearing friction in the
landing gear struts, and crushing of the descent-stage nozzle. These
properties for LM-10 are the same as used in the previous analysis for
LM-5 and are detailed in Section 3.1.4 of Reference 1.

3.1.5 DPS Engine Thrust Characteristics

During the time between initial probe contact and footpad touchdown,

the LM free-fall motion is modified by the decaying DPS thrust. The

thrust decay characteristics of the LM-10 DPS engine are the same as

described in Section 3.1.5.1 of Reference 1. Thrust amplification of
the DPS engine was not included in this ané]ysis.

3.2 INITIAL CONDITIONS

Procedures used for Apollo lunar landing are described in Reference 1.
The probability distributions assumed for the LM-10 Tunar landing
analysis were based on simulations conducted at MSC (Reference 6).
These simulations, used for astronaut training, included guidance
anomalies with some manual throttle landings. The state vectors at
probe contact from the simulations were classified into nominal and
severe cases by a preliminary screening procedure. Nominal cases were

3-2
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3.2 Continued

those with insufficient kinetic energy to load a landing gear to the
higher crush level. Severe cases, which are of primary interest in a
design loads analysis, were those with sufficient energy'to load at

least one gear to the higher crush level. Based on the MSC simulations,
the ratio of severe cases to nominal cases was 100 to 72. Thus, by

the Monte Carlo sampling technique known as Russian Roulette (Refekence 7),
an effective sample size of 172 was obtained by calculating landings for
the 100 severe cases of interest. The distributions of the initial
conditions used for the LM-10 lunar landing analysis were determined

from a statistical analysis of the state vectors far the severe cases. |
The pilot delay in shutting off the descent-stage engine was taken at

the low range of the simulation data.

The probability distributions for the LM-10 initial conditions at .

probe contact are listed in Table 3.3. The three theoretical distribu-
tions assumed are normal, lognormal, and uniform. Table 3.4 describes

the 100 sets of initial conditions with the parameters listed in Table 3.3.

3.3 PHYSICAL DESCRIPTION OF LUNAR SURFACE

The idealized lunar surface used for the LM-10 analysis was based on a
medium resolution elevation table generated by the MSC Mapping Sciences
Laboratory for the Fra Mauro site. Unlike the similar elevation table
used for the LM-5 analysis (Reference 1), the medium resolution eleva-
tion table described only the larger scale surface roughness. The
necessary LM-scale roughness was generated by superimposing rocks and
smaller craters on the basic Fra Mauro data. Reference 8'prov1des
detailed descriptions of the mathematical operations involved in the
lunar surface generation.

3-3
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3.3 Continued

The resulting elevation table was divided into 100 local elevation tables
centered around the randomly generated centroidal landing coordinates

for use in the landing dynamics computer program of Reference 9. These
local elevation tables and corresponding landing coordinates are given in
Tables 3.5 through 3.104. The columns and rows of the local elevation
tables are parallel, respectively, to the X and Y axis of the MSC gravity-
surface inertial coordinate system (Reference 9). The spacing between
the rows (AX) is 29.4 inches, and the spacing between the columns (AY) is
25.3 inches. The point elevations from the local tables were converted
into a continuous surface by fitting a hyperbolic paraboloid through the
elevations of four adjacent grid points as described in Reference 1.

3-4
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LM-10 COMPOSITE VIEW

FIGURE 3.1
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FIGURE 3.7 LM-10 GEOMETRY
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TABLE 3.1 LM-10 MASS POINT COORDINATES
NODE NO. kM-lO»COORDlyATES - INCH%S
G G G
501 303.9 0.0 55.109
Y 296.297 0.0 78.887
503 280.0 -36.70 51.687
504 252.0 -17.42 64.557
505 280.0 36.70 51.687
506 252.0 17.42 64.557
507 253.75 -65.20 65.330
508 253.75 65.20 65.330
509 211.602 22.0 64.557
510 211.602 -22.0 64.557
511 205.94 0.0 27.0
512 277.14 -26.851 27.0
513 280.0 -36.70 -10.25
514 280.0 -36.70 . 10.25
515 253.5 -27.50 27.0
516 233.5 -10.5 -4.0
517 233.5 0.0 13.75
518 233.5 10.50 -4.0
519 253.5 27.50 27.0
520 277.14 26.851 27.0
521 280.0 36.70 -10.250
522 280.0 36.70 10.250
523 294.643 17.25 27.0
524 294.643 -17.25 27.0
525 277.140 -26.851 -27.0
526 253.50 -27.50 -27.0

312
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TABLE 3.1  LM-10 MASS POINT COORDINATES (CONTINUED)

NODE NO. kM~10 COORDIﬁATES - INCH%S
G G ‘e

527 233.50 0.0 -27.0
528 253.50 27.50 -27.0
529 277.140 26.851  -27.0
530 294.643 0.0 -27.0
531 262.0 0.0 -63.50
532 253.75 65. -65.33
533 253.75 -65 -65.33
534 228.0 44.538 0.0
535 228.0° -71.260 0.0
601 158.5 0.0 -54.0
602 158.5 0.0 54.0
603 158.5 54.0 0.0
604 158.5 -54.0 0.0
605 154.0 0.0 0.0
606 196.0  -27.0 -27.0
607 196.0 27.0 -27.0
608 196.0 27.0 27.0
609 196.0 -27.0 27.0
610 125.7  -39.29  -111.63
611 125.7 39.29  -111.63
612 186.029 0.0 -116.514
613 131.14 -27.0 -81.0
614 131.14 27.0 -81.0
615 196. 27.0 -81.0
616 196. -27.0 -81.0
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TABLE 3.1  LM-10 MASS POINT COORDINATES (CONTINUED)

NODE NO. LM-10 COORDINATES ~ INCHES

Xg Ye ‘e
617 131.14 27.0 -27.0
618 131.14 -27.0 -27.0
619 125.7 111.63 -39.29
620 131.14 - 81.0 -27.0
621 131.14  -81.0 -27.0
622 196.0 81.0 -27.0
623 196.0 -81.0 -27.0
624 125.7 -111.63 -39.29
625 186.029 116.514 0.0
626 186.029  -116.514 0.0
627 125.7 -111.63 39.29
628 125.7 111.63 39.29
629 131.14 81.0 27.0
630 131.14 -81.0 27.0
631 196.0 81.0 27.0
632 196.0 -81.0 27.0
633 131.14 27.0 27.0
634 131.14 -27.0 27.0
635 131,14 27.0 81.0
636 131.14 -27.0 81.0
637 196.0 27.0 81.0
638 196.0 -27.0 81.0
639 125.7 39.29 111.63
640 125.7 -39.29 111.63
641 186.029 0.0 116.514
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TABLE 3.1 LM-10 MASS POINT COORDINATES (CONTINUED)

NODE NO. kM-lO COORDI?ATES nvINCH%S
G G G
704. 136.486 -49.412 76.050
706 136.48  -74.515 50.947
708 153.356  -43.013 82.449
709 187.236  -43.013 82.449
711 187.236 -61.928 63.534
713 ' 187.236 -80.843 44.619
714 153.356 - -80.843 44.619
715 163.486 -61.928 63.534
720 132.736 -46.761 73.398
721 132.736 -71.863 48.296
722 190.736 -46.761 73.398
723 190.736 -71.863 48,296
729 135.826 -44.109 70.746
730 135.826 -54.815 60.041
731 ~ 135.826  -58.435 56. 420
737 163. 426 -53.089 54,695
743 135.826 -69.211 45.644
751 178.636 -56.625 58.231
770 147.596 -36.359 61.427
7 174.716 -36.359 61.427
772 147.596 -59.899 37.887
773 174.716 -59.899 37.887
780 133.016 -34.280 77.040
781 133.016 -75.434 35.886
788 158. 226 -54,786 66.433
789 158.226 -49.200 72.019
790 148.216 -54.786 66.433
791 148.216 -49.200 72.019
792 158.226 -70.413 50. 806
793 158.226 -64.827 56,392
794 148.216 -70.413 50.806
795 148.216 -64.827 56.392
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TABLE 3.2
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MASS PROPERTIES FOR NOMINAL LM LANDING WEIGHT |

Total Vehicle Mass
(1bs secz/inch)

X ~ in
Y~ in
Z - in
IXx ~ lb-secz-in
Iyy ~ 1b«sec2~1n
IZZ ~ 1b-sec2-1n
IXY ~ 1b-sec2~1n
IXZ ~ 1b-sec2-1'n
Iy, ~ Tbesec?in

3-16

LM~10

Math Model

46.3716

212.331
~-.7477
.4380

173752,

188398.

199907.
2217.09
8068.59
2006.22



TABLE 3.3 PROBABILITY DISTRIBUTIONS OF LM-10 INITIAL CONDITIONS
(BASED ON MSC LM LANDING SIMULATION STUDIES)

Variable
(VXHORZ) Lateral Velocity
(VYHORZ) Forward Velocity
(VVERT) Vertical Velocity
(PITCH) Euler Pitch Angle
(ROLL) Euler Roll Angle
(YAW) Euler Yaw Angle
(VPITCH) Body Pitch Rate
(VROLL) Body Rol11 Rate
(VYAW) Body Yaw Rate
(TCUT) Pilot Delay Time

D2-118322-1

Units

inches/second
inches/second
inches/second
radians
radians
radians
rad/sec
rad/sec
rad/sec

seconds

3-17

Distribution
N(p = | 2,9 =
N(p= 55,0=
IN(w = =51, 0 =
N(p = .013, 0 =
N(w = .001, o =
u(o, 6.28)
N(u = 0, 0=
N(p = 0, 0 =
N(p = 0, 0=
U(.35, .45)

10)
23)
31)

.031)
.040)

.002)
.002)
.002)
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